Fourier transform infrared (FT-IR) spectroscopy and Raman spectroscopy were used to study the cell injury and inactivation of Campylobacter jejuni from exposure to antioxidants from garlic. C. jejuni was treated with various concentrations of garlic concentrate and garlic-derived organosulfur compounds in growth media and saline at 4, 22, and 35°C. The antimicrobial activities of the diallyl sulfides increased with the number of sulfur atoms (diallyl sulfide < diallyl disulfide < diallyl trisulfide). FT-IR spectroscopy confirmed that organosulfur compounds are responsible for the substantial antimicrobial activity of garlic, much greater than those of garlic phenolic compounds, as indicated by changes in the spectral features of proteins, lipids, and polysaccharides in the bacterial cell membranes. Confocal Raman microscopy (532-nm-gold-particle substrate) and Raman mapping of a single bacterium confirmed the intracellular uptake of sulfur and phenolic components. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were employed to verify cell damage. Principal-component analysis (PCA), discriminant function analysis (DFA), and soft independent modeling of class analogs (SIMCA) were performed, and results were cross validated to differentiate bacteria based upon the degree of cell injury. Partial least-squares regression (PLSR) was employed to quantify and predict actual numbers of healthy and injured bacterial cells remaining following treatment. PLSR-based loading plots were investigated to further verify the changes in the cell membrane of C. jejuni treated with organosulfur compounds. We demonstrated that bacterial injury and inactivation could be accurately investigated by complementary infrared and Raman spectroscopies using a chemical-based, "whole-organism fingerprint" with the aid of chemometrics and electron microscopy.
Fruit and vegetable extracts can inhibit the growth of pathogenic and spoilage microorganisms in foods and are being evaluated as food preservatives, in part from consumer demands for fewer chemical food preservatives. Foods with high levels of phenolic compounds have received the greatest study, and their effectiveness as antimicrobial agents was validated (1, 2, 7, 11) . For example, extracts from cranberries inhibited various pathogen growths (25, 55, 56, 57) . The antimicrobial effect of garlic is attributed primarily to organosulfur compounds (19, 23, 24, 45, 47, 49, 52) , such as allicin (5, 10, 14, 32) , ajoene (38) , and diallyl sulfides (41, 48, 59) . However, others have demonstrated that the contribution of antimicrobial properties is also from phenolic compounds (6, 21, 31) .
Vibrational spectroscopies (both infrared [IR] and Raman spectroscopies) are widely employed to characterize complicated biological systems based upon the chemical compositions of analytes (36, 37, 39) . When infrared and Raman spectroscopies are coupled, a unique, wide-spectral fingerprint is generated across a wave number region (from 1,800 to 400 cm
Ϫ1
for both IR and Raman spectroscopies) to identify and differentiate analytes, such as bacteria (20, 50) . The major advantages of using vibrational spectroscopies to study bacteria are the high detection speed, reagentless operation, relatively precise identification of the components involved, and the ability to distinguish biological specimens, including bacteria, to the species and strain levels (42, 54) . Bacteria can be identified within 6 h by Raman spectroscopy and 8 h by infrared spectroscopy (9, 22, 29) . Recently, these spectroscopic methods have been intensively applied to study bacterial injury and inactivation by various treatments, such as bacteriocin (8) , antibiotics (28, 33, 40) , heat (3, 4) , and sonication (27) . Infrared spectroscopy is useful for bulk bacterial detection (the detection limit is ϳ10 4 to 10 5 CFU/ml) (12) , while Raman spectroscopy can potentially detect single bacterial cells (46) , especially when a nanosubstrate is employed to signal enhancement, a technique called surface-enhanced Raman spectroscopy (SERS) (13) .
In the current study, injury of Campylobacter jejuni was investigated. This food-borne pathogen was exposed to food components, specifically garlic concentrates and organosulfur compounds, at levels at which these components could be present in muscle-based foods, such as chicken and beef (59) . C. jejuni can survive outside its host for an extended period, and it is now considered to be the most prevalent cause of bacterial food-borne illness in the world (43) . C. jejuni-infected individuals experienced abdominal cramps, fever, and diarrhea accompanied by gross blood and leukocytes. Previous studies have examined the effectiveness of fruit extracts (53) , plant essential oils and extracts (15, 26) , and phenolic compounds (16, 17) for controlling the growth of C. jejuni. However, there are no reported studies involving Allium species, such as garlic.
To the best of our knowledge, this is the first paper combining infrared and Raman spectroscopies to study bacterial stress and injury. Rapid detection and quantification of sublethally injured bacterial cells are important for food safety since microorganisms can repair themselves if conditions are favorable and then start to grow in food products, presenting the potential for pathogenicity (58) . These two vibrational spectroscopic techniques provide complementary biochemical information about bacterial cell composition for a more complete approach to the analysis of bacterial cellular response under environmental stress. The objective of this study was to combine spectroscopic methods of analysis with morphological tests to better understand the mechanism of bacterial injury resulting from exposure to garlic-derived organosulfur compounds.
buffer-peptone water (Difco), forming culture suspensions. Equal volumes of the suspensions containing one of the four strains were combined, forming a cocktail.
Media. Bacterial viable counts were performed in duplicate by plating on Preston campylobacter nonselective medium. Preston campylobacter nonselective agar was prepared according to the manufacturer's instructions and consisted of campylobacter agar base (CM0689; Oxoid, England), campylobacter growth supplement (SR0232E; Oxoid, England), and lysed horse blood (Remel, Lenexa, KS). Nonselective agar plates were incubated at 42°C for 48 h under microaerophilic conditions (10% CO 2 , 5% O 2 , and 85% N 2 ).
Antibacterial effects of garlic concentrate and garlic-derived organosulfur compounds on C. jejuni. Fresh garlic was obtained from Global Farms Enterprises, Inc. (Los Angeles, CA), stored at room temperature (ca. 22°C), and used within 2 weeks. The peeled cloves were put into a juice extractor (Waring Pro) to produce fresh garlic juice under aseptic conditions. The raw garlic juice was immediately put into 50-ml conical sterile centrifuge tubes and centrifuged at 7,000 rpm (Fisher accuSpin model 400 benchtop centrifuge, Pittsburgh, PA) for 10 min at 22°C. The supernatant was recovered and filtered through a 10.0-mpore-size polycarbonate membrane (K99CP04700; GE Water & Process Technologies, Trevose, PA) and then through a 1-m-pore-size polycarbonate membrane (K10CP04700; GE Water & Process Technologies, Trevose, PA) and, finally, through a 0.4-m-pore-size polycarbonate membrane (K04CP04700; GE Water & Process Technologies, Trevose, PA) under vacuum to remove potential microbial contamination, generating the garlic concentrate. The whole process to make the garlic concentrate was completed within 20 min. Then, the garlic concentrate was stored at 4°C and protected to avoid light exposure. The concentrate was added into 0.85% (wt/vol) sterile saline water and/or nutrient broth no. 2 within 30 min to avoid loss of volatile organosulfur compounds.
Garlic concentrate was prepared at various concentrations (0, 6.25, 12.5, 25, 37.5, 50, 75, and 100 l/ml) in 100 ml of sterilized 0.85% (wt/vol) saline water to study its bactericidal effect with limited nutrients and in 100 ml of nutrient broth no. 2 to investigate the inhibitory or suppressive effect of garlic concentrate. Each concentration of garlic extract was added to both saline water and broth and then inoculated with 1 ml of 7 log CFU/ml of a C. jejuni cocktail to achieve an initial inoculum level of approximately 5 log CFU/ml. Each inoculate was mixed well by vortexing and then incubated at 4, 22, and 35°C for 0, 1, 3, 5, 7, 10, and 24 h (saline water samples) and 0, 1, and 3 days (broth samples) microaerobically. At each sampling time, the samples were serially diluted with 2% (wt/vol) sterile buffer peptone water, and the appropriate dilution was spiral plated. After incubation at 42°C for 48 h, numbers of viable cells were determined.
Measurement of total phenolic content and total antioxidant capacity. Total phenolic content and total antioxidant capacity were quantified because these two parameters are related to the antimicrobial activity of plant extracts (25, 31, 44) . Two grams of chopped garlic was extracted with 15 ml methanol under conditions of magnetic stirring for 2 h. The extract was centrifuged at 4,000 rpm for 20 min, and the supernatant was filtered. The extraction procedure was repeated three times, and the supernatants were pooled together. The weight of dry matter of the extracts was determined to standardize the concentrations at 1 mg/ml.
The total phenolic content of each extract was determined in duplicate by the Folin-Ciocalteu procedures according to the method of Sun et al. (51) , with minor changes. In brief, Folin-Ciocalteu reagent was diluted 10-fold with deionized water. Garlic extract (0.1 ml) was mixed with 0.75 ml of the diluted FolinCiocalteu reagent and incubated for 10 min at room temperature (ca. 22°C). Then, 0.75 ml of 2% (wt/vol) sodium carbonate solution was added. The mixture was allowed to stand in the dark (ca. 22°C) for 45 min before the absorbance at 765 nm was measured using an Ultrospec 4000 UV/visible-light spectrophotometer (Pharmacia Biotech, Cambridge, United Kingdom) against a blank containing deionized water instead of sample extract. Total phenolic content values were determined from a calibration curve prepared with a series of gallic acid equivalents (GAE), measured in milligrams per gram (dry weight).
The antioxidant capacity of garlic extract was measured using a method described by Sun et al. (51) using the free radical 2,2 diphyenyl-1-picrylhydrazyl (DPPH), with minor revisions. Garlic extract (0.1 ml) was added to 1 ml of DPPH solution, and the absorbance of the DPPH solution was determined at 515 nm after 30 min of incubation at room temperature (ca. 22°C). Methanolic solutions of Trolox were used for calibration to compare the antioxidant capacities of garlic concentrates. The antioxidant capacity of the sample was expressed as milligrams Trolox equivalents/gram (dry weight) sample.
Electron microscopy analysis. Scanning electron microscopy (SEM) was performed to examine morphological changes of C. jejuni cells before and after treatment with garlic-derived organosulfur compounds (5 M diallyl sulfide) in sterilized broth for 10 h at 22°C. Treated and untreated C. jejuni cells were harvested at 12,000 ϫ g for 10 min. First, C. jejuni cells were fixed with 2% Transmission electron microscopy (TEM) was employed to study the bactericidal action of organosulfur compounds derived from garlic. C. jejuni cultures, untreated and treated with diallyl sulfide, were placed into the primary fixative overnight at 4°C. The samples were rinsed three times with 0.1 M phosphate buffer (10 min each) and postfixed by 2% osmium tetroxide for 2 h at room temperature. Next, the samples were quickly rinsed twice with 0.1 M buffer (10 min each), followed by dehydration with ethanol solutions (30%, 50%, 70%, 95%, and 100%), and then rinsed twice with 100% propylene oxide (10 min each). The bacterial samples were infiltrated by propylene oxide: 1:1 Spurr's resin overnight and then 100% Spurr's resin twice (overnight each time). Then, the samples were embedded in Spurr's resin. The stained samples were observed in a Philips electron microscope (Field Emission Instruments, Hillsboro, OR) operating at 200 kV.
FT-IR spectroscopy analysis. At the end of each treatment, 100 ml of each sample was filtered through an aluminum oxide membrane filter (0.2-m pore size, 25-mm optical density [OD]) (Anodisc; Whatman, Inc., Clifton, NJ) using a Whatman vacuum glass membrane filter holder (Whatman catalog no. 1960-032) to harvest bacterial cells. The Anodisc membrane filter does not contribute spectral features between the wave numbers of 4,000 and 1,000 cm Ϫ1 and provides a smooth and flat surface onto which the bacterial film can form. The Anodisc filters were then removed from the filtration apparatus and air dried under laminar flow at room temperature (ca. 22°C) for 60 min.
FT-IR spectra were collected using a Nicolet 380 FT-IR spectrometer (Thermo Electron, Inc., San Jose, CA). The aluminum oxide membrane filter, coated with a uniform thin layer of bacterial cells, was placed in direct contact with the diamond crystal cell (30,000 to 200 cm Ϫ1 ) of attenuated total reflectance (ATR). Infrared spectra were recorded from 4,002 to 399 cm Ϫ1 at a resolution of 4 cm Ϫ1 . Each spectrum was acquired by adding together 32 interferograms. Six spectra were acquired at room temperature (ca. 22°C) for each sample to get a total of 18 spectra with each treatment. Triplicate experiments were conducted, and spectra from the first two experiments were used for establishment of chemometric models. Spectra from the third experiment were randomly selected for model validation.
Raman spectroscopy analysis. A WITec alpha 300 Raman spectrometer system (WITec, Ulm, Germany) equipped with a WITec microscope was used in this study. This system is equipped with a 532-nm laser source and a 785-nm laser source. During the measurement, the 532-nm laser was focused onto the sample on the microscope stage through a 100ϫ objective (Nikon, Melville, NY). Raman scattering signals were detected by a 1,600-by 200-pixel charge-coupled-device (CCD) array detector. The size of each pixel was 16 by 16 m. Spectral data were collected with WITec project software v2.02 (WITec, Ulm, Germany). Spectra of each bacterial sample were collected using a 100ϫ objective with a detection range from 3,700 to 200 cm Ϫ1 in the extended mode. The measurement was conducted with a 1-s integration time, with 50 spectral accumulations and approximately 2-mW incident laser powers. Spectral data for generating Raman maps were taken from the sample at specific wave numbers (300 to 1,800 cm
). Klarite (D3 Technologies Ltd., Glasgow, United Kingdom) SERS-active substrates were used in this study. These devices were fabricated on silicon wafers coated with gold. A 6-by 10-mm 2 chip, including a 4-by 4-mm patterned SERS-active area and an unpatterned gold reference area, was adhered to a standard glass slide. Treated microbial cells (10 l) were deposited onto the substrate, and Raman measurements were taken after 2 h of drying under a fume hood at room temperature (ca. 22°C).
Chemometric analysis and statistical analysis. Vibrational (both infrared and Raman) spectra were initially preprocessed by EZ OMNIC 7.1a (Thermo Electron, Inc., Lafayette, CO). The raw spectra were subtracted from the relative background (control, aluminum membrane filter coated with residue after filtration). Then, automatic baseline correction was employed to flatten the baseline, followed by a smoothing of 5 (Gaussian function of 9.643 cm
). The preprocessed spectra were read by Excel (Microsoft, Inc., Redmond, WA). The heights and areas of spectral bands were measured and calculated by OMNIC and Origin 8.1 (OriginLab Corp., Northampton, MA). Second-derivative transforms using a 9-point Savitzky-Golay filter and wavelet transforms (with a scale of 7) were performed for spectral processing in Matlab to enhance the resolution of superimposed bands and to minimize problems from unavoidable baseline shifts. The reproducibility of vibrational spectra from three independent experiments was investigated by calculating D y1y2 according to the following equations.
In the equations, y 1i and y 2i are signal intensities of two different spectra, while ȳ 1 and ȳ 2 are average values of signal intensities of two different spectra; n represents the data points in the selected wave number region. The D y1y2 ranges from 0 to 2,000. The lower the value, the better the reproducibility of spectra, with 0 indicating spectral ranges that are identical, 1,000 indicating completely noncorrelated spectra, and 2,000 indicating completely negatively noncorrelated spectra (34) .
The comparison of spectra was performed by calculating selectivity, which indicates the spectral variations between the reference samples (control garlic concentrate) and treated samples (bacteria inoculated with garlic concentrate). Factorization was performed on average spectra of the respective groups. Factor analysis extracts high-dimensional vibrational spectral data into factors or principal components and corresponding scores (12) . These scores are used to calculate the spectral distance (SD).
Where T i is the cluster radius score of the i th factor (1, 2… i factors used). Selectivity (S) is calculated as the ratio of spectral distance (SD) between average spectra and the sum of threshold values T 1 and T 2 (cluster radii) as follows:
Chemometric models were established based on processed spectra, including cluster analysis (principal-component analysis [PCA] ), dendrogram analysis (discriminant function analysis [DFA]), class analog analysis (soft independent modeling of class analogs [SIMCA]), loading plot analysis, and partial least-squares regression (PLSR). PCA is used to reduce the dimensionality of multivariate data while preserving most of the variances. The selected unrelated principal components (PCs) are plotted and visualized in cluster forms (18) . DFA can construct branched dendrogram structures using prior knowledge of the composition of a biological sample (28) . SIMCA is a supervised classification method. The test samples are compared to study their analogy to the training set of samples (3) . The combination of different chemometric models may improve and finally validate the properties of test samples (i.e., injured C. jejuni) according to different treatments (i.e., garlic-derived organosulfur compounds). The PLSR was employed for quantitative analysis using Matlab. A total of 18 spectra from each sample were used to establish the calibration model. A leave-one-out cross validation was performed to evaluate the prediction power of the model by removing one standard from the data set at a time and applying a calibration to the remaining standards. The suitability of the developed models for predicting live-C. jejuni concentrations was assessed by determining the regression coefficient (R), latent variables, the root mean square error of estimation (RMSEE), and the root mean square error of cross validation (RMSECV), calculated using the following equations (12) .
where SEE is the standard error of estimation, M is the total number of samples analyzed, R is the regression coefficient, Y i meas is a measured concentration value of sample i, and Y i pred is a predicted concentration value of sample i. The overall suitability of the models in predicting the C. jejuni concentration was evaluated from the residual prediction deviation (RPD) values. RPD is the ratio of the standard variation to the standard error of prediction. Loading plots were derived from chemometric analyses and used for explaining segregation or linear regression of chemometric models based on molecular levels (3). The wave numbers between 1,800 cm Ϫ1 and 900 cm Ϫ1 were selected for infrared-based chemometric analyses, and the wave numbers between 1,800 cm Ϫ1 and 400 cm
were selected for Raman-based chemometric analyses in the current study.
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The experiment was performed in three independent replicate trials. The results are expressed as the means of results of three independent replicates Ϯ standard deviations. The significant difference (P Ͻ 0.05) between the band area of spectra and the regression coefficient of the loading plot (first three PCs) were determined by one-way analysis of variance (ANOVA) following the t test in Matlab.
RESULTS AND DISCUSSION
Inhibitory effects of garlic concentrate and organosulfur compounds on Campylobacter jejuni. Organosulfur compounds and polyphenols have both antimicrobial and antioxidant capacity. The total phenolic content (TPC) of garlic extract was 3.57 Ϯ 0.49 mg GAE/g (dry weight), and the total antioxidant capacity (TAC) measured as the DPPH radical was 0.83 Ϯ 0.12 mg Trolox/g (dry weight). The purity and stability of diallyl constituents were monitored throughout the study by HPLC. Both diallyl sulfide and diallyl trisulfide were maintained at 97%, and the level of diallyl disulfide was higher than 95%. All the analytes used were stable during study, and the stability of analytes was monitored during the course of the experiment. It is worth noting that TAC, TPC, and organosulfur compounds were stable for up to a month when kept in the dark at 4°C and stored under conditions to reduce light exposure, which we did for 1 to 2 months. Therefore, purified organosulfur compounds were used within 2 weeks, and fresh garlic concentrate was prepared and used daily.
The bactericidal effect of garlic concentrate on a cocktail of C. jejuni is shown in Table 1 . The bactericidal effect increased along with an increase in the concentration of the garlic concentrate. A 2-to 3-log-CFU/ml reduction was achieved when the garlic concentrate was higher than 25 l/ml at 4°C for 24 h. At 22°C, the bactericidal effect was greater than that of the treatment at 4°C, with the effects in saline water being more pronounced than in nutrient broth at the treatment concentration because of the presence of buffering components. In the case of the 35°C treatment, C. jejuni cells were totally inactivated at concentrations tested after 24 h. The suppressive effect of garlic concentrate on a cocktail of C. jejuni cells is shown in Table 2 . The suppressive effect increased along with an increase of the concentration of garlic concentrate in sterilized broth. Higher treatment temperatures (22 and 35°C) increased the effectiveness of the garlic treatment through increased diffusion of organosulfur components into the cell and also increased the effectiveness of the antimicrobial treatment; organosulfur components are known to have a greater antimicrobial effect on microbial cells during the log phase. The suppressive and bactericidal effects of organosulfur com- Tables S1 and S2 in the supplemental material. As the number of sulfur atoms in organosulfur compounds increased, the antimicrobial effects also increased at 4, 22, and 35°C (diallyl sulfide Ͻ diallyl disulfide Ͻ diallyl trisulfide). These findings were in agreement with those of previous studies (41, 59) . O'Gara et al. (41) demonstrated that the antimicrobial activities of the diallyl sulfides toward Helicobacter pylori increased with the number of sulfur atoms. Yin and Cheng (59) observed that diallyl disulfide was more efficient at eliminating major pathogenic microorganisms (i.e., Escherichia coli O157:H7 and Listeria monocytogenes) than diallyl sulfide in ground beef. Diallyl sulfide components are naturally formed in garlic, Chinese leek, and onion. The contents of diallyl sulfide and diallyl disulfide in garlic were 250 to 480 and 2,600 to 5,100 g/kg garlic, respectively. In the current study, 10 ml of garlic concentrate (18 to 34 g fresh cloves) contains approximately 10 M diallyl disulfide. Previous sensory studies were performed using diallyl disulfide, and a 10 M concentration of this organosulfur compound did not produce a marked-off aroma in ground beef, while a strong garlic smell remained when 18 to 34 g garlic was used (59) . Furthermore, it should be pointed out that organosulfur compounds provided a significant antioxidant capacity, and the uses of these agents at these concentrations in various food systems as an antioxidant and/or antimicrobial agent should be safe and acceptable, at least in savory and moderately to highly flavored meat-or vegetablebased foods. Furthermore, diallyl sulfide components (diallyl sulfide, diallyl disulfide, and diallyl trisulfide) compose approximately 80% of commercial garlic oil, and the significant antimicrobial effects of these organosulfur compounds may partially explain the antimicrobial effect of commercial garlic oil (41) .
FT-IR and Raman spectral features of Campylobacter jejuni. Infrared and Raman spectral features of C. jejuni intact cells are shown in Fig. 1 . FT-IR spectral features of C. jejuni but not Raman spectral features of C. jejuni have been investigated (34, 35) . The complementary (IR and Raman) spectral features provided more useful information about the biochemical components of the bacterial cell membrane than either alone. The assignment of bands frequently found in FT-IR and Raman spectra are summarized in Table S3 in the supplemental material. Both FT-IR and Raman spectroscopies provided a "fingerprint" region below the wave number of 1,800 cm Ϫ1 , which reflects detailed information about the composition of C. jejuni cells. For Raman spectra, the bands at 646 and 1,614 cm Ϫ1 are assigned to tyrosine (37) . The band at 726 cm Ϫ1 is assigned to COS of the protein, CH 2 rocking, and/or adenine (39) . The band at 755 cm Ϫ1 is assigned to the symmetric breathing of tryptophan (37) . The bands at 785 and 1,180 cm Ϫ1 are assigned to cytosine. The bands at 858 and 1,129 cm Ϫ1 are assigned to COC stretching and the COC 1,4 glycosidic link (39) . The bands at 1,004, 1,061, and 1,587 cm Ϫ1 are assigned to phenylalanine (30) . The bands at 1,250 and 1,667 cm Ϫ1 are assigned to amide III and the ␣-helix structure of amide I, respectively (30) . The band at 1,317 cm Ϫ1 is assigned to guanine (37) . The band at 1,409 cm Ϫ1 is assigned to COO Ϫ stretching (37) . The band at 1,458 cm Ϫ1 is assigned to nucleic acid (39) . The band at 2,890 cm Ϫ1 is assigned to the CH 2 asymmetric stretch of lipids and proteins (30) . The distinctive band at 2,935 cm Ϫ1 is assigned to the CH 3 and CH 2 stretch (30) . The band at 3,059 cm Ϫ1 is assigned to the (CACOH) (aromatic) stretch (37) . For FT-IR spectra, the bands at 1,080 and 1,236 cm Ϫ1 are assigned to the symmetric and antisymmetric stretch of PAO of nucleic acids, respectively (37) . The band at 1,400 cm Ϫ1 is assigned to the symmetric stretch of COO of COO Ϫ groups (3). The band at 1,455 cm Ϫ1 is assigned to CH 2 bending of lipids (34) . The bands at 1,545 and 1,647 cm Ϫ1 are assigned, respectively, to amide II and amide I, the secondary structure of protein (36) . The bands at 2,854, 2,929, and 2,966 cm Ϫ1 are related to methylene groups from lipids (35) . The distinctive band at 3,290 cm Ϫ1 is assigned to the NOH stretch of proteins and OOH stretch of polysaccharides and water (39) .
The Raman fingerprint region revealed features complementary to FT-IR spectroscopy for C. jejuni. These phenomena result from the different mechanisms of vibrational spectroscopy: Raman scattering relies on changes in the polarizability of functional groups as atoms vibrate, while IR absorption requires a change in the intrinsic dipole moment that occurs with molecular vibrations (39) . Therefore, polar groups such as CAO, NOH, and OOH have strong IR stretching vibrations in FT-IR spectroscopy, and nonpolar groups such as COC and SOS have intense Raman bands, all of which add to the complementary natures of these two methods, justifying the use of both.
Raman mapping (homogeneity) and spectral reproducibility studies. The infrared spectrometer can determine properties only of bulk bacteria due to the laser width; however, the Raman spectrometer can detect features of a single bacterial cell, especially with the aid of confocal microscopy. A micrograph of C. jejuni is shown in Fig. 1b, and (Fig.  1c) , which provided major intensities of scattering bands in the Raman fingerprint region (Fig. 1a) . The dark locations indicated lower contributions of band intensity, and light locations indicated higher contributions of band intensity. Therefore, it is important to understand that within the same bacteria, the band intensity is varied at different locations, and this reflects compositional differences at these different locations within the cell. Collectively, these maps are useful for quantifying biochemical changes occurring within individual cells as a result of an experimental treatment. For example, variation in the distributions of nucleic acids (Fig. 1c, image a) , proteins (Fig. 1c, images b and c) , and aliphatic lipids (Fig. 1c, image e) on the cell membrane can be observed. A combination of Raman mapping with Raman spectroscopy provides a method for localizing differences in chemical composition within the cell, making it possible to determine the specific site and type of cell injury.
The reproducibility of both FT-IR and Raman spectra from three independent experiments were calculated using the Pearson coefficient (expressed as the D y1y2 value). Mean D values between 7 and 10 are considered normal when analyzing the first or second derivative of samples prepared from cultures grown in independent assays, and others have asserted that D values can be as high as 300 when microorganisms from dif- . Greater specificity may have been obtained for a single strain; a fourstrain cocktail used in this study caused a higher D value. Second, the incubation time and its effect on spectral variation was also investigated and spectral reproducibility was consistent when the bacteria were cultivated within 48 h; however, as the cultivation time increased, the D value increased tremendously (higher than 400 at 72 h). Mouwen et al. indicated that reproducibility of infrared spectra of C. jejuni was strongly influenced by culture age (34) . For C. jejuni, the shape of the cell (coccoid-spiral forms) and the chemical composition change as the culture ages, and both factors can significantly The D values for Raman spectra of C. jejuni were calculated from 1,800 to 400 cm Ϫ1 because spectral features were distinct. The D value was 3.32 Ϯ 0.09 to 7.93 Ϯ 1.15 after 48 h of cultivation, and it indicated that the reproducibility of Raman spectra is greater than that of FT-IR spectra. An additional increase in incubation time led to a higher D value and poorer reproducibility for both Raman and FT-IR spectroscopies, reducing the reproducibility of the Raman method to a range similar to that observed for FT-IR spectroscopy. For example, when cultivation times were greater than 48 h, the D value increased significantly (P Ͻ 0.05), from 7.93 at 48 h to 480 at 72 h. This finding emphasizes the necessity of following standardized procedures for vibrational spectral analysis, such as medium preparation, growth temperature, incubation time, and spectral measurement technique, if spectral reproducibility is to be obtained.
Second-derivative transformations to elucidate bacterial injury. The variation of spectral features between garlic-treated (sulfide-treated) and non-garlic-treated (non-sulfide-treated) bacterial samples were not visually distinguishable, and second-derivative transformations needed to be performed to magnify minor differences in spectral features. The secondderivative transformations can reduce replicate variability, correct baseline shift, and resolve overlapping bands, therefore reducing the effect of band overlap (3). The selectivity values calculated at a 95% confidence interval for differentiating garlic concentrates and mixtures of bacteria and garlic concentrate were determined. Selectivity values greater than 1 were considered significant for detection of C. jejuni. Otherwise, overlapping clusters occurred (samples are not significantly different from the control). With the initial inoculation concentration of 10 5 CFU/ml, the selectivity value is higher than 1. This result was in agreement with a previous study (12) that found that 10 5 CFU/g was the detection limit for filtration by the FT-IR method to determine bacterial spectral features.
For the second-derivative transformation analyses of FT-IR spectra, the treatment using either garlic concentrate (25-l/ml concentration) or diallyl sulfide (5 M concentration) at 4°C in sterilized saline water (0.85% [wt/vol]) was performed to compare bacterial spectral variations. For both a garlic concentrate treatment (Fig. 2a) and a diallyl sulfide treatment (Fig. 2b) , spectral variations were shown in several of the same band regions along with the time treatments (hour scale). The bands at 916 and 991 cm Ϫ1 are assigned to a phosphodiester (36) . The band at 1,030 cm Ϫ1 is assigned to glycogen and CH 2 OH vibration (36) . The band at 1,055 cm Ϫ1 is assigned to an oligosaccharide COO bond in a hydroxyl group that might interact with some other membrane components, mainly from phospholipid phosphate and partly from oligosaccharide COOH bonds (36) . The band at 1,222 cm Ϫ1 is assigned to phosphatestretching bands from phosphodiester groups of cellular nucleic acids (39) . The band at 1,246 cm Ϫ1 is related to PO 2 Ϫ (asymmetric) (30) . The band at 1,444 cm Ϫ1 is assigned to ␦CH 2 lipids and fatty acids (36) . The band at 1,468 cm Ϫ1 is assigned to ␦CH 2 of lipids (36) . The bands at 1,637 and 1,655 cm Ϫ1 are assigned to amide I of ␤-pleated sheet structures and amide I of ␣-helical structures, respectively (30) .
However, some differences were observed between garlic concentrate-treated samples and diallyl sulfide-treated samples when second-derivative transformations were employed. The band at 1,080 cm Ϫ1 is assigned to symmetric phosphate stretching (3) . The band at 1,400 cm Ϫ1 is assigned to a symmetric stretch of methyl groups in (skeletal) proteins (30) . The variations in these several bands may be due to the phenolic compounds in garlic concentrate which had additional antimicrobial effects on C. jejuni. Phenolics, which are somewhat hydrophobic, may act efficiently at the bacterial membranewater interface, embedding into the membrane and thereby impairing the cell membrane and the transport processes (55). In the current study, the band intensities of only those bands that contributed significantly (P Ͻ 0.05) to the second-derivative transformations of absorption (y axis of Fig. 2) were calculated using Matlab and Origin. The spectral transformation and intensity calculations confirmed that organosulfur compounds derived from garlic provided the greatest contribution to the antimicrobial effects of garlic concentrate, with the phenolic compounds having a smaller effect.
The second-derivative transformation of Raman spectra (Fig. 3 ) was performed to further study the bacterial cell variation under the treatment of organosulfur compounds derived from garlic. Raman spectra provided additional spectral information compared to FT-IR spectra. The bands at 520 to 540 cm Ϫ1 are assigned to SOS disulfide stretching in proteins (39) . The band at 1,004 cm Ϫ1 is assigned to phenylalanine (39) . The band at 1,223 cm Ϫ1 is assigned to cellular nucleic acid (37) . The band at 1,454 cm Ϫ1 is assigned to CH 2 stretching of phospholipids (37) . The band at 1,491 cm Ϫ1 is assigned to CON stretching vibration coupled with the in-plane COH bending in amino radical cations (37) . The band at 1,670 cm Ϫ1 is assigned to amide I (30). The significant (P Ͻ 0.05) variation in secondderivative transformations of spectral features around the wave numbers of the "sulfur" vibrational stretching area (520 to 540 cm Ϫ1 ) was a very important finding in this study. First, it validated the findings from previous studies (32) that sulfur compounds such as thiosulfinates are responsible for the antimicrobial activity of garlic. Inhibition of certain thiol-containing enzymes in microorganisms by the rapid reaction of thiosulfinates with thiol groups is assumed to be the main mechanism for antimicrobial activity, and allicin can freely penetrate the phospholipid bilayers of bacterial cell walls and interact with the thiol-containing enzymes (32). Here we have used vibrational spectroscopies, specifically Raman spectroscopy, to monitor the transmembrane transfer of sulfur-containing compounds into bacterial cells (Fig. 3) , and we find that this is both a concentration and a time-dependent event. The concentration of intracellular sulfur compounds was inversely proportional to cell survival and to changes in the spectral features of bacterial proteins/enzymes indicative of denaturation (4, 40) that may be associated with binding of organosulfur compounds to thiol-containing proteins. Second, we demonstrated that using the combination of infrared and Raman spectroscopies provides complementary information and substantially more information than using a single technique for monitoring bacterial stress and injury. Some important markers (parameters), such as variation of sulfur compounds, were not available to be monitored by one technique (i.e., IR spectroscopy) but could be monitored by another one (i.e., Raman spectroscopy).
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Electron microscope examination of cell injury. To correlate vibrational spectroscopic data with structure changes caused by garlic-derived organosulfur compounds, scanning electron micrograph data and transmission electron micrograph data were collected for nontreated and treated samples with 5 M diallyl sulfide in sterilized broth for 10 h at 22°C. Figure S1 in the supplemental material and Fig. 4 show that untreated cells of C. jejuni had a uniform cellular structure with well-defined membranes and little debris in the cell's surrounding environment. Exposure to organosulfur compounds resulted in morphological damage, such as loss of the structural integrity of the cell wall, cell membrane, and intracellular matrix. Cell deformation, breakage of cell walls and membranes, condensation of cellular material, and the presence of significant amounts of cytoplasmic material and membrane fragments were observed in the damaged cells of C. jejuni. Cluster, dendrogram, and class analog analyses. The injury levels of C. jejuni were investigated using three different segregation models, including cluster analysis (principal-component analysis [PCA]), dendrogram analysis (discriminant function analysis [DFA]), and class analog analysis (soft independent modeling of class analog [SIMCA]). All three analyses are based on principal-component selection; PCA is nonsupervised chemometrics, while DFA and SIMCA are supervised chemometrics (18) . Due to the features of highdimensional vectors for infrared and Raman spectra (wave number versus signal intensity), major PC extraction is important to chemometric-model analysis. Figure 5 shows representative clear segregation of C. jejuni samples treated with organosulfur compounds (diallyl sulfide) during various time intervals at 22°C. The spectra from the first two experiments were used to establish the segregation models, and the spectra from the third experiment were employed for model validation. Clear segregation (DFA) and tight clusters (PCA) indicated a significant (P Ͻ 0.05) difference in each group of samples, with interclass distance ranging from 3.15 to 29.86 based upon Mahalanobis distance measurements computed between the centroids of classes. Clusters with interclass distance values higher than 3 are believed to be significantly different from each other (12, 18) . Class analog results were shown in Table 3 , and an ϳ90% correction rate for data classifying was achieved for both infrared and Raman spectra. Furthermore, in the current study, either sterilized saline water or campylobacter broth was used for analyses of all three segregation models at different treatment temperatures (4 or 22°C). The effect of temperature or extraneous material from either matrix (either broth or saline water) was negligible. Matrix components were removed by centrifugation and filtration through aluminum membrane filters to eliminate the effect of these components on spectral quality and reproducibility (see above) (3) . PLSR model analyses. PLSR using a wave number below 1,800 cm Ϫ1 as x and an indicator variable (loading plot) for differentiation between the strains of injured levels as y was performed for both infrared and Raman spectroscopies. All the parameters related to the PLSR model are summarized in Table 4 . Due to the limited number of samples, the leave-one- . Both FT-IR and Raman spectrum-based PLSR models had promising results for predicting various concentrations of survival for C. jejuni in either sterilized broth or saline water treated with garlic-derived organosulfur compounds. Overall, both infrared-and Raman-based PLSR models provided similar models of behavior and prediction abilities on the basis of R, RPD, and RMSEE. Loading plot studies of the PLSR model. Analysis of FT-IR and Raman spectral loading plots derived from individual PLSR models showed that the chemical composition of bacterial cells was affected by the treatment of organosulfur compounds (Fig. 6) . The major bands of the first principal component (PC) are most critical to elucidate the physiological changes of bacterial cells during various treatments, as determined by one-way ANOVA and the t test (P Ͻ 0.05). The first PC can explain the approximately 76% and 81% contributions to the regression coefficient (R) value for the FT-IR and Raman PLSR models, respectively. For an FT-IR loading plot (Fig. 6a) , the distinctive band at 916 cm Ϫ1 is assigned to the phosphodiester region (30) , and another band at 991 cm Ϫ1 is also assigned to phosphodiester stretching (39) . The band at 1,637 cm Ϫ1 is assigned to amide I of ␤-pleated sheet structures (3). This indicates the importance of the integrity of phosphodiester and protein secondary structure to cell survivability under unfavorable treatments, such as exposure to organosulfur compounds. For the Raman loading plot (Fig. 6b) , the distinctive band region around 520 to 540 cm Ϫ1 is assigned to SOS disulfide stretching in proteins (39) . The band at 996 cm Ϫ1 is assigned to COO ribose, COC (36) . The band at 1,004 cm Ϫ1 is assigned to phenylalanine (39) . The band at 1,437 cm Ϫ1 is assigned to the CH 2 deformation of lipids (36) . The band at 1,454 cm Ϫ1 is assigned to CH 2 stretching of phospholipids (30) . The band at 1,508 cm Ϫ1 is assigned to cytosine (36) , and the band at 1,634 cm Ϫ1 is assigned to amide I (39). This result demonstrates that the Raman loading plot confirms the complementary natures of Raman and FT-IR spectroscopies to determine type and degree of bacterial cell injury as indicated by variation in the chemical compositions of cells under unfavorable treatment. The distinction between cells exposed to different treatments around 520 to 540 cm Ϫ1 was impressive and reflected cellular uptake of sulfur compounds, providing evidence to support the hypothesis that the major bactericidal mechanism for cell inactivation by garlic is from damage caused by organosulfur compounds and is related to the combination of thiosulfinates with enzymes or functional proteins which possess sulfur atoms, thus altering the structures of those enzymes or proteins (5, 14, 32, 38) .
In conclusion, garlic concentrate was effective in inhibiting the growth of C. jejuni. This inhibition was proportional to the concentration of the organosulfur compounds, suggesting that the antimicrobial effect was dependent on the number of sulfur atoms in the diallyl sulfides. FT-IR spectroscopy verified that organosulfur compounds (diallyl sulfides and thiosulfinates) contributed most to the antimicrobial effect of garlic, substantially more than phenolic compounds. Raman spectroscopy conducted at a single-cell level provided information complementary to that provided by FT-IR spectroscopy and clearly showed that sulfur components were absorbed by C. jejuni cells (ϳ520 to 540 cm Ϫ1 ). This strongly supports the findings of previous studies showing that organosulfur compounds can freely penetrate cell membranes and combine with a thiolcontaining enzyme and/or protein, altering their structures. Spectroscopy-based cluster analysis, dendrogram analysis, and class analog analysis can segregate C. jejuni based upon different injury levels, and this effect could be quantified using PLSR models to predict the actual survival of C. jejuni following diallyl sulfide treatment at different concentrations and at different temperatures. The specific biochemical components of the cell membrane most closely related to bacterial cell injury may be determined from spectroscopy-based loading plots. This is the first study to show how FT-IR and Raman spectroscopies can be used together to study bacterial stress and injury under unfavorable treatment conditions, and it shows the potential of this technique for monitoring pathogenic or spoilage microorganisms rapidly and precisely, potentially for field and online work.
